Key points {#Sec1}
==========

The integration of tempo-pace synchronized preference-based music audio-playlists into structured exercise program resulted in significantly greater weekly physical activity volumes than did non-music usual-care.Differences in weekly physical activity volumes were greatest among those receiving rhythmic auditory stimuli embedded into their audio-music playlists.A group's average weekly physical activity positively correlated with their use of audio-playlist devices.

Background {#Sec2}
==========

Physical activity has irrefutable benefits to quality of life and survival \[[@CR1],[@CR2]\]. However, suboptimal uptake and adherence undermines the survival and health benefits associated physical activity in real-world settings \[[@CR3]\]. Among patients with established cardiovascular disease, structured exercise programs have been used to promote the self-management and adherence of physical activity, \[[@CR4]\] but their effectiveness has also been undermined by high rates of behavioural attrition to physical activity \[[@CR5],[@CR6]\]. Strategies to improve adherence to physical activity among such populations have proven challenging often yielding inconsistent results \[[@CR6],[@CR7]\].

Music rhythmicity has been shown to modulate the perceptions and ergonomics of physical activity \[[@CR8]-[@CR16]\]. Postulated mechanisms of action have included neural-entrainment effects and movement cueing step-cadence regulation \[[@CR8],[@CR17]-[@CR30]\]. When coupled with individual preferences, such music may further enhance motivation, improve affect, induce distraction and attenuate patients' perceptions of effort during exercise \[[@CR19],[@CR21],[@CR26],[@CR27],[@CR31]-[@CR33]\]. While integrated mobile music audio-devices are widely available, no study has explored the feasibility and efficacy of using synchronized preference-based music audio-playlists to improve adherence to physical activity.

The objective of the Music Activity INTervention for Adherence Improvement through Neurological entrainment (MAINTAIN) study was to explore the feasibility and efficacy of implementing tempo-pace synchronized personalized audio-playlist devices to improve adherence to physical activity among patients participating in a structured exercise program. All patients received usual care (cardiac rehabilitation). Patients were randomized to either usual-care alone (i.e. no-music) or an integrated music strategy consisting of personalized customizable audio playlists uploaded onto iPods® whose song selections were comprised of tempos (beats per minute) which matched the individuals' pre-specified walking/running pace as prescribed by the structured exercise program itself. As part of our proof-of-concept feasibility study, among patients randomized to the integrated music strategy, we evaluated the incremental feasibility and efficacy of embedding additional rhythmic sonic enhancements to the customized audio-playlists (herein termed rhythmic auditory stimulation (RAS)) to explore whether beat-accentuation could further improve exercise adherent behaviours over and above non RAS synchronous music \[[@CR29]\].

Methods {#Sec3}
=======

Research setting {#Sec4}
----------------

Cardiac rehabilitation served as our test-case setting for structured exercise for several reasons: First, it is an established evidence-based guideline-driven structured exercise and lifestyle modification program which has been shown to improve survival in cardiovascular disease \[[@CR34]\] and therefore represents an ideal minimum 'gold-standard' level of care for all patients irrespective of treatment allocation. Second, exercise prescriptions, based in part on initial cardiopulmonary assessments, guide an individual's exercise pace. Third, as with other structured exercise programs, cardiac rehabilitation is associated with significant behavioural attrition, which are characterized by high-rates of programmatic drop-out and poor adherence to the self-management of physical activity \[[@CR35]\]. Accordingly, a music tempo-pace synchronization strategy theoretically lends itself to the cardiac rehabilitation environment because it can help regulate, maintain and reinforce the exercise pace as prescribed by the program itself.

All study patients had established cardiac disease and were actively participating in the Cardiovascular Prevention and Rehabilitation Program at the Toronto Rehabilitation Institute-University Health Network (TRI-UHN) \[[@CR35]\]. Patients were originally referred into the program by physicians or through automated referrals following cardiac hospitalization. All patients received cardiopulmonary and anthropometric baseline assessments and attended on-site exercise classes once per week. An assigned case-manager prescribed aerobic and resistance exercise activities to be conducted at home on at least four additional days per week. Each patient who attended the program was followed for 6 months, and re-evaluated at month 3 and month 6.

Sample eligibility criteria {#Sec5}
---------------------------

We included English-speaking patients with known cardiovascular disease participating in cardiac rehabilitation. Exclusion criteria consisted of patients with a history of head trauma/seizures (a relative contraindication to RAS) \[[@CR36]\] and those unable to wear headphones due to hearing impairment or hearing aids to ensure that patients had sufficient exposure to the music intervention. Patients were recruited during the third-class of the program (corresponding to a pre-screening period of 3 weeks from program onset).

Study enrollment was restricted by funding. However, we projected that such resource restrictions would still allow for sufficient enrollment to yield a minimum effective sample size that would be sufficient for primary outcome analyses, even after factoring in an anticipated drop-out rate of 10% per group (see sample size justification below) \[[@CR4],[@CR5],[@CR37]\].

The recruitment process began in a group setting, consisting of a cardiac rehabilitation class comprised of between 20 and 25 patients. Patients were informed about the trial within a 5 min presentation following patients' third pre-scheduled cardiac rehabilitation class. In total, 139 patients were screened for the study. Enrollment was confined to the first 34 patients who volunteered and met inclusion/exclusion criteria (all 34 patients who volunteered met eligibility criteria). There were no significant differences in the age and gender of study sample as compared with the non-consenting cardiac rehabilitation classes from which they had been recruited (Additional file [1](#MOESM1){ref-type="media"}).

Study design {#Sec6}
------------

The study was primarily designed as a proof-of-concept feasibility study to explore the implementation and efficacy of integrating personalized music preferences and tempo-pace synchronization into a structured exercise program.

We incorporated a randomized experimental design. The randomization process incorporated a two-step process in which patients were first randomized to music audio-playlists vs. no music audio-playlists (i.e. 2:1 ratio of music vs. no-music audio-playlist, respectively). Among those randomly allocated to music playlists, patients were further randomized (in 1:1 fashion) to RAS vs. no RAS groups. All patients irrespective of music received usual-care (cardiac rehabilitation). The incorporation of a two-step rather than one-step randomization process allowed us to first explore our primary hypothesis: namely, personalized audio-playlists with tempo-pace synchronization would result in improved adherence to physical activity as compared with a gold-standard non-music usual-care control. The second step in the randomization process allowed us to more specifically explore the implementation of RAS (vs. no RAS) among those initially randomized to music audio-playlists, and do so in blinded fashion.

All randomization incorporated the use of a random-number generator; patient names and study numbers were kept within sealed envelopes during the randomization process to preserve blinding of the randomized-group allocation process.

MAINTAIN was designed to examine the incremental effects of music playlists on the usual-care programmatic delivery of cardiac rehabilitation administered by case managers irrespective of MAINTAIN's treatment allocation. Case managers involved in the administration of cardiac rehabilitation were blinded to all metrics related to the study. In addition to the minimum standard of cardiac rehabilitation care, all three randomized groups received tri-axial accelerometer activity monitors (PAM® Personal Activity Monitor, Model AM300, Pam, Doorwerth, The Netherlands) and self-reported physical activity diaries for use throughout the entire study duration. Each individual irrespective of randomization interacted with the study coordinator every 2 weeks for a 3- to 5-min duration to collect and upload activity diaries and information obtained through the audio-playlist device. During these encounters, patients randomized to music (with or without RAS) had the opportunity to request additional playlists or modifications to playlists that reflected changes in an individual's prescribed exercise pace (if appropriate); such changes were then uploaded on the subsequent scheduled encounter.

Music playlists, tempo-pace synchronization and RAS implementation {#Sec7}
------------------------------------------------------------------

Patients randomized to personalized music playlists also received a personalized audio playlist device (iPod® mp3 players), which were preloaded with a playlist of music that satisfied their pre-specified music genre and artist preferences. Music preferences were ascertained at the outset of the study. Patients were asked for examples of music genres (e.g. styles such as rock, jazz, pop, classical, country/western, folk), artists, albums and songs they preferred to listen to, and preferred not to listen to, while exercising.

All music assembled within playlists was synchronized to approximate an individual's prescribed exercise pace. Specifically, commercially available songs selected for music playlists were chosen such that tempos were within ±10 beats per minute of a subject's exercise step-pace as specified by the initial exercise prescription. The incorporation of a maximum 10 beat per minute pace-tempo threshold was based on pre-trial pilot data and qualitative feedback on motivation and perceived exertion with music during exercise. Moreover, evidence suggests that a 10 beat per minute or less tempo-pace calibration difference falls within thresholds by which patients can feasibly adjust their walking/running pace to accommodate to sonic and music rhythms by subconsciously increasing or decreasing their strides accordingly \[[@CR18]\]. Exercise pace was ascertained by determining the number of steps taken within a quarter mile in a time duration as ascertained by the cardiac rehabilitation program. The number of steps taken per minute at a target pace was used to generate the optimal tempo of music required for tempo-pace synchronization. Each quarter note was intended to correspond with one paced step. We created a database comprising over 14,500 songs of various genre, artist, title, song duration and music tempo. The music tempo of each song was determined using commercially available software (cadence® software) \[[@CR38]\].

The process of RAS enhancement adapted the methodology used by Chen et al. in which each quarter note beat was enhanced through the addition of an audible rhythmic sound \[[@CR39]\]. RAS enhancements were conducted in a random subset of songs within an individual's playlist (comprising up to 50% of an individual's personalized playlist). Patients were not told which songs were RAS-enhanced, or which of the two music groups (RAS vs. no RAS) they were allocated to. Our rationale for leaving some of the songs unmodified was to help us ascertain, through focus-group interviews (see below), whether patients could distinguish between RAS and non-RAS songs uploaded into their individual playlist. Pre-study pilot testing further informed the frequencies and volumes used for RAS enhancement. Our intent was to implement RAS enhancement at frequencies and volumes just beyond minimal detection levels without detracting from the authenticity of the music playlists. The RAS-enhancement process first imported the original mp3 playlist audio files into Logic ® 9.0 recording software. RAS-enhancements were conducted using sounds of drums (kick-drum, snares, hihats and rides) through the addition of secondary tracks and digital keyboard MIDI-drum instruments, played concurrently with the original playlist file. Each song was then 'sonically modified' manually to accentuate and enhance the quarter-notes through the use of lower and/or higher frequency drum instruments. Lower frequency drum sounds (e.g. kick-drum at 50 to 100 Hz) were generally maintained at volumes of between 1 and 5 dB louder than the original recording, whereas higher frequency drum sounds (e.g. snare or hihat at 1,000 to 5,000 Hz) were generally maintained at volumes of between 1 and 5 dB lower than the reference original music track. RAS-enhanced mp3 songs were then re-mixed and mastered as a WAV file (44 kbit/24 bit) and subsequently compressed into an mp3 file and uploaded into the RAS iPods® playlist so that maximum 'headphone' volumes were similar to the original audio-recordings. In short, RAS enhancements accentuated the frequencies of externally embedded rhythmic components relative to the other frequencies and sounds of the original audio-file, without altering the total volume of the sound recording itself (Additional file [2](#MOESM2){ref-type="media"}).

The sonic attributes of those randomized to RAS enhancement resulted in significantly higher peak frequencies, more abrupt slopes of peak frequencies, selected higher peak volume frequencies relative to baseline and lower frequency levels at peak frequencies (Additional file [3](#MOESM3){ref-type="media"}).

Data on baseline variables included age, gender, body mass index (measured weight and height), functional capacity, self-reported depression-score, self-efficacy, referral indication, cardiovascular risk factors and prior disease. Depressive symptoms were ascertained using the Centre for Epidemiological Studies - Depression Scale (CES-D), while exercise self-efficacy was ascertained using the Stanford Self-Efficacy scale; both measures have been validated \[[@CR40],[@CR41]\]. In addition to data collected through empirical methods, information about the perceived impact (if any) that music had on patient participation in their prescribed exercise program was collected through the use of small group interviews in which participants were asked to describe their exercise experience. Specifically, participants were asked for their opinion about the impact of listening to music on their exercise behaviour. Participants were interviewed in small group settings within their respective treatment allocation arms.

The study was reviewed and approved by the Toronto Rehabilitation Institute-University Health Network Research Ethics Board. All procedures followed were in accordance with the Helsinki Declaration of 1975, as revised in 2008 (5).

Outcomes {#Sec8}
--------

The primary outcome was defined as the weekly average volume of physical activity (i.e. mean weekly minutes of physical activity as measured using tri-axial accelerometers) throughout the 3-month study. Sample size estimates incorporated the methods by Hedeker for repeated measures (weekly activity levels) and assumed a correlation of 0.4 in activity levels over 12 weekly interventions \[[@CR42]\]. The minimum effective sample size targeted for this study was 10 patients in each of the three groups, which would allow for 80% power to detect a clinically large size mean differences (i.e. 50% or 250 min per week of physical activity) between the music and no music treatment groups, assuming a two-tailed alpha of 0.05. The sample size was only powered sufficiently to account for group-level differences using a repeated-measures design but underpowered to account for variations within and between individuals. Secondary outcome measures consisted of the weekly volume of intensity-specific physical activity as defined as high-intensity, (≥7 metabolic equivalents), moderate intensity (3 to 6.9 metabolic equivalents) or low intensity (\<3 metabolic equivalents), based on the PAM® personal activity monitor. Validation of the PAM® accelerometer has been published elsewhere \[[@CR43]\].

Statistical analyses {#Sec9}
--------------------

Given the staged sequential randomization process, statistical analyses first compared usual-care with the combined music intervention groups (with RAS and no RAS combined). Only if significant differences in weekly physical activity volumes between music and non-music groups existed, did we examine differences in outcomes across the three intervention groups (usual-care vs. playlists without RAS vs. playlists with RAS).

The study utilized an intention to treat analysis. Categorical differences in baseline characteristics and outcomes were first evaluated between music and non-music groups incorporating Fishers' exact test, or Mann-Whitney tests where appropriate. If significant differences between music and non-music groups existed, we then evaluated for differences in baseline characteristics and outcomes across all three groups, employing Fishers' exact test and Kruskal-Wallis Test where appropriate.

Generalized Linear Modelling was used to fit the data using maximum likelihood equations (PROC GENMOD), and the first-order autoregressive function was used to examine weekly mean volume of physical activity across intervention groups, while accounting for repeated measures in weekly assessments.

Several sensitivity analyses were conducted which are described within the '[Results](#Sec9){ref-type="sec"}' section. Two-tailed *P* \< 0.05 was defined as statistically significant. All statistical tests utilized SAS™ Version 9.3 (Cary, NC, USA).

Results {#Sec10}
=======

Baseline sample characteristics {#Sec11}
-------------------------------

The average age of the study sample was 63 years; 70% were male. Most patients were married, overweight and self-confident (i.e. high self-efficacy) in their abilities to self-manage cardiovascular disease and exercise. There were no significant differences in baseline physical activity volume between the music and non-music groups (Table [1](#Tab1){ref-type="table"}) or across the three treatment arms (i.e. no-music, music without RAS, music with RAS) (Additional file [4](#MOESM4){ref-type="media"}).Table 1**Baseline characteristics of the study populationNo musicMusicControlRAS/non-RAS combined*P*** **value** ^**\***^**(** ***n***  **= 11)(** ***n***  **= 23)**Socio-demographic characteristics Age, mean years (STD)66.4 (12.8)61.5 (10.3)0.25 Male (%)6 (54.6)17 (77.3)0.24 Married (%)7 (63.6)20 (90.9)0.15Clinical factors Diabetes (%)1 (9.1)6 (30)0.18 Past or current smoker (%)5 (45.5)12 (54.6)0.62 Body mass index, mean (kg/m^2^) (STD)27.7 (4.5)28.6 (3.6)0.56 Prior myocardial infarction (%)2 (27.3)5 (25)0.89 Hypertension (%)5 (45.5)10 (50)1.0 Lung disease (%)2 (18.2)4 (20)0.90Behavioural factors CES-Depression score, mean (STD)6.25 (8.6)9.6 (8.9)0.62 Stanford self-efficacy, mean (STD)80.6 (18.6)86.5 (12.6)0.37 Cardiac self-efficacy, mean (STD)76.4 (19.4)80.1 (14.9)0.62 High behavioural risk^a^ (%)5 (45.5)12 (54.6)1.0Physical factors Baseline VO~2~, mean mL/kg/min (STD)18.2 (5.7)20.3 (5.0)0.28 Week-1 volume of total activity, mean minutes (STD)352.8 (408.5)487.6 (379.6)0.42 Week 1 volume of vigorous activity, mean minutes (STD)1.45 (2.1)5.4 (15.0)0.98 Week 1 volume of moderate activity, mean minutes (STD)105 (122.3)162.3 (151.9)0.31 Week 1 volume of light activity, mean minutes (STD)246.4 (295.7)320.7 (248.1)0.68 Week 1 calorie burn, mean kcal (STD)314.0 (359.4)453.4 (366.9)0.42Baseline characteristics according to randomization group: No music controls vs. Music playlists (RAS and non-RAS combined). RAS, rhythmic auditory stimulation; STD, standard deviation. ^\*^ *P* value tests for statistical difference between two groups (i.e. Control vs. Music-Playlist RAS/non-RAS combined); statistical tests for continuous variables used the Kruskal-Wallis Test, while statistical tests for categorical outcomes utilized Fisher's Exact Test. ^a^Defined based on a BMI \>30 kg/m^2^ or a CES-depression score of \>15.

Non-significant intergroup difference in functional capacity and other baseline factors did exist. These were predominantly attributable to the recruitment of two outliers who were randomly allocated to the non-music usual-care control and to the RAS study arms where baseline VO~2peak~ among outliers resided at the extremes of fitness. One such patient was recruited to non-music usual-care, who was 82 years old and had a baseline VO~2peak~ of 8.9 mL∙kg∙min^−1^, while another patient, who was recruited to the music-playlist (with RAS) group, was 47 years old and had a baseline VO~2peak~ of 33.5 mL∙kg∙min^−1^.

Among the 34 participants, 3 patients dropped out of the study. Two were recruited to the music without RAS group and dropped out within 2 weeks of randomization (one patient never receiving any audio playlist device or activity monitor, while the other patient received both devices but was confirmed to have never used either the audio playlist device or activity monitor). One patient randomized to music playlists with RAS dropped out at week 5 of the study due to musculoskeletal limitations.

Audio-playlist preferences and use {#Sec12}
----------------------------------

Table [2](#Tab2){ref-type="table"} represents the difference between music-playlists with RAS and without RAS enhancements. Patients randomized to playlists without RAS enhancement had slower walking pace and tempos of music, greater preferences towards contemporary (top 40 pop, hip-hop, dance), and fewer preferences for rock (classic and hard rock), jazz and classical music. The number of audio-plays was significantly higher among patients randomized to music playlists with RAS-enhancements than without (780.7 vs. 174.0 audio-plays, RAS vs. non-RAS groups, respectively, *P* \< 0.001).Table 2**Music tempo-pace synchronization, preferences and utilizationNo music controlMusic audio-playlist without RASMusic audio-playlist with RAS*P*** **value** ^**\***^**(** ***n***  **= 11)(** ***n***  **= 11)(** ***n***  **= 11)**Playlist tempo-pace synchronization Exercise walking/running pace, mean steps/min (range)N/A110.7 (91 to 128.7)122.0 (112 to 133)0.03 Tempo range of music within playlist, mean BPM (range)N/A111 (81 to 139)123 (105 to 168)0.01Patient playlist preferences Contemporary (e.g. top 40 pop, hip-hop, dance)N/A24%11%\<0.001 RockN/A18%33% Country-WesternN/A24%17% Jazz, bluesN/A6%11% ClassicalN/A12%22% Other (includes no stated preferences)N/A18%6%Music-playlist utilization Average number of audio-plays0174 (186)780.7 (943.7)\<0.001According to randomized group: No music control vs. music audio-playlist without RAS vs. music audio-playlist with RAS enhancement~.~ RAS, rhythmic auditory stimulation; BPM, beats per minute; N/A, not available. ^**\***^ *P* value tests for statistical differences across groups based on the Kruskal-Wallis Test or Chi-squared test.

Thematic content analysis of participant responses (*n* = 13) during the small group interviews found that 100% of the patients who used their audio-playlist devices identified music as being a key factor that helped them achieve their appropriate levels of intensity and duration of exercise. There were no differences in the perceived impact of music on exercise between RAS and non-RAS groups.

Outcomes {#Sec13}
--------

The weekly volume of total physical activity, as measured objectively using tri-axial accelerometer activity monitors, was higher among patients randomized to the group receiving personalized audio-playlists with tempo-pace synchrony as compared with non-music usual-care (Table [3](#Tab3){ref-type="table"}, Figure [1](#Fig1){ref-type="fig"}). The improved physical activity volumes among patients randomized to personalized audio-playlists with tempo-pace synchrony was driven by the group receiving RAS-enhanced music playlists (average weekly minutes of physical activity of 631.3 min vs. 320 min vs. 370.2 min, music playlists with RAS vs. music playlists without RAS vs. usual-care, *P* \< 0.001). Moreover, higher average weekly pertained to all intensity levels of physical activity (Table [4](#Tab4){ref-type="table"}, Additional file [5](#MOESM5){ref-type="media"}) and was sustainable over time (Figure [2](#Fig2){ref-type="fig"}). The average number of weekly audio-plays per group strongly correlated with a group's weekly average volume of physical activity (*r* = 0.61, *P* \< 0.001), (Figure [3](#Fig3){ref-type="fig"}). There were no significant differences in weekly volumes of physical activity between the RAS unenhanced music group and the non-music usual-care controls, although this may have been explained by the limited use of audio-playlists among the non-RAS music arm.Table 3**Average weekly physical activity among those randomized to music playlists vs. No music controlNo musicMusicControl (** ***n***  **= 11)RAS and no RAS combined (** ***n***  **= 22)*P*** **value** ^**\***^Weekly estimated caloric expenditures, mean kcal (STD)339.6 (307.2)435.0 (407.4)\<0.001Weekly volume of total activity, mean minutes (STD)370.2 (332.5)475.6 (446.0)\<0.001Weekly volume of vigorous activity, mean minutes (STD)2.22 (4.3)8.5 (19.6)\<0.001Weekly volume of moderate activity, mean minutes (STD)123.3 (130.9)142.3 (142.7)0.06Weekly volume of light activity, mean minutes (STD)244.7 (230.7)324.8 (326.3)\<0.001^**\***^ *P* value tests for statistic difference between two groups (i.e. Music with or without RAS vs. Control). Weekly physical activity incorporated Generalized Linear Equations. Process and clinical outcomes incorporated the Kruskal-Wallis Test. Statistical tests for differences in categorical variables used Fishers' Exact test. STD, standard deviation.Figure 1Weekly volume of physical activity, stratified by physical activity intensity. Vigorous activity (top graph); moderate activity (second from the top); light activity (third from the top); total activity (bottom graph). Non-music control (labelled 'Control': red line), music audio-playlist groups (irrespective of rhythmic auditory stimulation) (labelled 'Playlist': green line).Table 4**Average weekly physical activity volumeNo music controlMusic audio-playlist without RASMusic audio-playlist with RAS*P*** **value** ^\*^**(** ***n***  **= 11)(** ***n***  **= 11)(** ***n***  **= 11)**Average weekly caloric expenditures, mean kcal (STD)339.6 (307.2)295.3 (327.8)574.8 (431.9)\<0.001Average weekly volume of total activity, mean minutes (STD)370.2 (332.5)320 (355.2)631.3 (473.8)\<0.001Average weekly volume of vigorous activity, mean minutes (STD)2.22 (4.3)5.7 (15.1)11.3 (23.0)\<0.001Average weekly volume of moderate activity, mean minutes (STD)123.3 (130.9)99.6 (120.4)185.1 (150.7)\< 0.001Average weekly volume of light activity, mean minutes (STD)244.7 (230.7)214.6 (254.7)435 (352.6)\<0.001According to randomized group: No music control vs. music audio-playlist without RAS vs. music audio-playlist with RAS enhancement. RAS, rhythmic auditory stimulation; STD, standard deviation. ^\*^ *P* value tests for statistical differences across the three groups (i.e. Control vs. Playlist vs. Playlist-RAS enhanced). Self-managed activity incorporated Generalized Linear Equations. Process and clinical outcomes incorporated the Kruskal-Wallis Test. Statistical tests for differences in categorical variables used Fishers' Exact test.Figure 2Weekly volume of physical activity, stratified by physical activity intensity. Vigorous activity (top graph); moderate activity (second from the top); light activity (third from the top); total activity (bottom graph). Non-music control (labelled 'Control': red line), music audio-playlist without RAS (labelled 'Playlist': green line), music audio-playlist with RAS (labelled 'Playlist + RAS': purple). RAS, rhythmic auditory stimulation.Figure 3Average weekly volume of physical activity vs. average number of weekly audio-device music playcounts. The graph demonstrates the correlation between a group's average weekly volume of physical activity (in minutes) and a group's average number of weekly playcounts from the audio-playlist devices (*r* = 0.61, *P* \< 0.001).

Sensitivity analyses {#Sec14}
--------------------

Several sensitivity analyses were undertaken as follows:

First, all analyses using Generalized Longitudinal Models were repeated, accounting for variations within and between patients. Our results were similar. Namely, weekly total physical activity volume remained significantly higher among patients randomized to the music intervention, especially among those with RAS-enhancement (dose-response differences across the three groups of 121.6 min of weekly total activity, *P* = 0.04). Moreover, the relationship persisted among intensity-specific physical activity, including vigorous physical activity (dose response differences across the three groups of 4.5 min of weekly vigorous activity, *P* = 0.08).

Second, the positive relationship between music intervention and physical activity adherence remained significant among high-risk subgroups (defined *a priori* based on a BMI exceeding 30 kg/m^2^ and a CES-Depression score exceeding 15 \[[@CR37]\]) and did so irrespective of the employment of different thresholds for risk and/or the inclusion of individual's predicted likelihood of program drop-out based on on-site attendance (Additional file [6](#MOESM6){ref-type="media"}).

Third, to determine when differences in weekly physical activity volume emerged over time, we subdivided the weekly intervals into three equivalent time intervals (weeks 0 to 4; weeks 5 to 8; weeks 9 to 12) and repeated the analyses accordingly. Significant group-specific differences in physical activity diverged and become statistically significant only after week 5, (i.e. group-specific differences during weeks 0 to 4, weeks 5 to 8, and weeks 9 to 12, *P* = 0.22, *P* = 0.0004, *P* \< 0.0001, respectively), suggesting that improvements in physical activity behaviours associated with RAS were sustainable.

Finally, to explore whether differences in baseline characteristics explained group-differences in outcomes, two additional sensitivity analyses were performed. The first analysis adjusted for baseline characteristics by forcing baseline covariates into the model. Group effects in total weekly activity remained significant, even after adjusting for age, marital status and baseline cardiopulmonary fitness (*P* = 0.05) - group-specific differences in baseline characteristics which were most imbalanced despite randomization. The second excluded the two patient outliers described above whose baseline VO~2peak~ fell at the extremes (8.9 and 33.5 mL/kg/min). The removal of these two patients resulted in similar VO~2peak~ across the three groups (19.1 mL∙kg∙min^−1^ vs. 19.1 mL∙kg∙min^−1^ vs. 19.8 mL∙kg∙min^−1^ in the control group vs. music without RAS vs. music playlist with RAS, respectively) and did not meaningfully alter our results. Group differences in physical activity still favored the group receiving music audio-playlists with RAS (*P* = 0.02).

Discussion {#Sec15}
==========

Our study demonstrated the feasibility and efficacy of implementing a tempo-pace synchronized preference-based audio-playlist strategy to improve adherence to physical activity among patients receiving cardiac rehabilitation. Patients randomized to personalized audio-playlists with tempo-pace synchronized music embarked on significantly greater amounts of weekly physical activity and experienced lower declines in weekly physical activity than did their non-music usual-care counterparts. Differences in physical activity among those randomized to music playlists were driven predominantly by the group randomized to RAS, where attainment in weekly physical activity volumes were twofold higher than those randomized to music but without RAS enhancements. Improvements in the weekly volume of physical activity associated with RAS increased over time, were sustainable, applied to all intensity-levels of physical activity and were as pronounced among high-risk as it was among low-risk subgroups.

Our study builds on existing music-exercise literature in several additional ways. First, to the best of our knowledge, ours is the first study to have examined the longitudinal adherence-effects of an exercise-music strategy within a structured exercise program. Until now, the vast majority of studies exploring the effects of music in exercise have been cross-sectional in design and/or narrow in outcome ascertainment, with most studies limited to ergonomic and/or perceptual outcomes \[[@CR8]-[@CR16],[@CR44]-[@CR46]\]. Second, we employed a novel integrated audio-playlist strategy where patient preferences informed the choices of musical genres and artists but where exercise pace restricted the playlist selection to those songs whose music tempos approximated individuals' program-prescribed steps per minute. Third, our study demonstrated that RAS-enhancements, which were designed to accentuate the auditory cues associated with tempo-pace synchrony \[[@CR24],[@CR27]\], were accomplished feasibly using commercially available customized playlists. Moreover, such RAS-enhanced playlists were incrementally efficacious in improving long-term physical activity behaviours. Finally, ours, to the best of our knowledge, is the first to compare the behavioural outcomes associated with a personalized music strategy against an evidence-based gold-standard usual-care control, which itself, has been associated with a 20% improvement in long-term survival \[[@CR4]\].

Available evidence suggests that tempo-pace synchronous music can reduce exercise-perceived exertion, increase exercise endurance, augment exercise intensity and extend the duration of exercise \[[@CR19],[@CR21],[@CR26],[@CR27],[@CR31]-[@CR33]\]. The effects of synchronized music on exercise function have been shown to be greater when music is aligned with individual music preferences. Such alignment can augment affect and enhance intrinsic motivation \[[@CR31],[@CR32],[@CR47]-[@CR49]\]. Affect augmentation along with the incorporation of other self-regulatory behavioural self-management techniques (i.e. goal-setting, self-monitoring) \[[@CR50]\] may have narrowed the intention-motivation-behavioural gap associated with exercise through improved automaticity and organization \[[@CR51]\]. While there is supportive evidence suggesting that the combination of affect augmentation with rhythmic synchronization could impact physical activity behaviour \[[@CR11],[@CR21],[@CR23],[@CR52],[@CR53]\], no study had ever directly tested this hypothesis until now.

Alternate explanations for higher weekly physical activity volumes among those randomized to RAS may have existed. Most importantly, patients randomized to tempo-pace synchronized music with RAS enhancements listened to their audio-devices nearly fourfold more than those who received tempo-pace audio-music devices without RAS enhancements. The correlation between average weekly audio-playcounts and average weekly physical activity volumes precluded us from disentangling the efficacy of audio music playlist devices in general, from tempo-pace synchrony or RAS.

The feasibility of integrating a tempo-pace synchronization strategy into commercially available music in a manner which takes into account personal patient preferences underscores the *potential* for 'real-world' application. All songs comprising an individual's personalized playlist contained tempos that were calibrated to within 10 beats per minute of a patient's prescribed exercise pace - a calibration that falls within 'tempo-pace' asynchronous thresholds where stride length can be modified to accommodate changes in music tempo without perceptual differences in effort \[[@CR18]\]. The tempos of commercially available music were ascertained using widely available automated software application tools that are widely available on the web. The implementation of RAS sonic-enhancements to commercially available music was also implemented in a feasible manner by embedding digital auditory stimuli into the existing original sound recordings using MIDI keyboard instruments and commercially available recording software. The original audio-files and the superimposed digital stimuli were then re-mixed into one composite sound recording. One challenge encountered was the fact that the tempos of the original sound recording (i.e. music files within an individual's audio-playlist) were rarely recorded in quantized fashion. As a result, small fluctuations in the tempo of the original recordings existed. To overcome this limitation, sonic enhancements were added manually and played along in real time with the original audio-recording. Additional manual modifications allowed us to optimize the tempo-synchrony between RAS and the original sound music recording where necessary. Future research will need to explore how such methodology can be better automated and standardized.

Our study was designed as a proof-of-principle feasibility study. However, there were several noteworthy study limitations that deserve consideration. First, the sample size of our study was small. Second, with the exception of RAS enhancements which did incorporate patient blinding, the study was largely un-blinded. Third, despite our randomized design, imbalances in baseline characteristics existed across groups. While such imbalances were not statistically significant per se, it is possible that residual confounding may have existed and accounted for some or all of our results. Finally, differences in music preferences, genres and music tempos may have partially explained the variations in exercise adherence between RAS and non-RAS groups \[[@CR18],[@CR54],[@CR55]\].

Notwithstanding such caveats, we believe our findings justify the need for further research through rigorously designed clinical trials. If reproducible, such findings could have potentially transformative health implications. For example, the average difference of 105.4 min in weekly physical activity between those receiving and not receiving music playlists, if sustained, would correlate with a projected life-expectancy gain of 2.5 years for an average male 65-year-old patient \[[@CR56],[@CR57]\]. Given that benefits of music playlists were equally applicable among those patients who were at higher risk of cardiac rehabilitation programmatic drop-out than those at lower behavioural attrition risk, the absolute survival benefits may be even greater among those most behaviourally disengaged. With their modest associated costs, the use of preference-based music audio playlist devices (i.e. approximately \$75 per patient in our study) could also have important cost-effectiveness implications as a health-policy strategy to improve physical activity adherence in the population \[[@CR58],[@CR59]\].

Conclusions {#Sec16}
===========

In conclusion, our results demonstrated the integration of personalized music playlists with tempo-pace synchronization into a structured exercise program was feasible and efficacious at improving adherence to physical activity. Those randomized to audio-music playlists with RAS enhancements attained significantly greater weekly volumes of physical activity than the evidence-based non-music usual standard of care. Such findings may have important clinical application when attempting to engage otherwise behaviourally disengaged populations into structured physical activity programs. Further research is required to reproduce such findings in larger real-world settings.
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